We hypothesized that supplementing fi nishing diets with palm oil would promote adipocyte differentiation in subcutaneous adipose tissue of feedlot steers, and that soybean oil supplementation would depress adipocyte differentiation. Twenty-eight Angus steers were assigned randomly to 3 groups of 9 or 10 steers and fed a basal diet without additional fat (control), with 3% palm oil (rich in palmitic acid), or with 3% soybean oil (rich in polyunsaturated fatty acids), for 10 wk, top-dressed daily. Palm oil had no effect (P > 0.05) on ADG, food intake, or G:F, whereas soybean oil depressed ADG (P = 0.02), food intake (P = 0.04), and G:F (P = 0.05). Marbling scores tended (P = 0.09) to be greater in palm oil-fed steers (Modest 09 ) than in soybean oil-fed steers (Small 55 ). Subcutaneous adipocyte mean volume was greater in palm oil-fed steers (515.9 pL) than in soybean-supplemented cattle (395.6 pL; P = 0.01). Similarly, glucose and acetate incorporation into total lipids in vitro was greater in subcutaneous adipose tissue of palm oil-fed steers (119.9 and 242.8 nmol·3h -1 ·10 5 cells, respectively) than adipose tissue of soybean oil-fed steers in (48.9 and 95.8 nmol·3h -1 ·10 5 cells, respectively). Glucose-6-phosphate dehydrogenase and NADP-malate dehydrogenase activities were greater (P ≤ 0.05) in subcutaneous adipose tissue of palm oil-fed steers than in adipose tissue of control steers. Palm oil did not increase palmitic acid or decrease oleic acid in subcutaneous adipose tissue or LM, but decreased (P ≤ 0.05) myristoleic, palmitoleic, and cis-vaccenic acid in adipose tissue, indicating a depression in stearoylcoenzyme A desaturase activity. Soybean oil increased the proportion of α-linolenic acid in adipose tissue and muscle and increased linoleic acid and 18:1trans-10 in muscle. We conclude that palm oil supplementation promoted lipid synthesis in adipose tissue without depressing feed effi ciency or increasing the palmitic acid content of beef.
INTRODUCTION
Currently, feedlot producers tend to extend feeding periods to ensure adequate marbling, which results in poorer feed effi ciencies and greater cost of BW gains. However, time on feed and corn-based diets Conversely, the monunsaturated fatty acid (MUFA) oleic acid (18:1cis-9) and the polyunsaturated fatty acid (PUFA) linoleic (18:2n-6) and α-linolenic acid (18:3n-3) depress adipogenic gene expression. Therefore, we hypothesized that supplementing the diets of beef cattle with palm oil, rich in palmitic acid, would increase adiposity without increasing palmitic acid in beef. We also proposed that soybean oil, rich in both linoleic and α-linolenic acid, would depress adipose tissue development. Conceptually, feeding palmitic acid to steers should increase palmitic acid in their tissues, which is undesirable. However, muscle and adipose tissues actively elongate palmitic acid to stearic acid (St. John et al., 1991) , which subsequently is desaturated to oleic acid via stearoyl-coenzyme A desaturase (SCD) catalytic activity. For this reason, we proposed that supplementary palm oil would not increase tissue palmitic acid in beef cattle, and instead would promote the deposition of MUFA in adipose tissue and muscle.
MATERIALS AND METHODS
The experimental procedures were approved by the Texas A&M University Animal Care and Use Committee, Offi ce of Research Compliance.
Study Design
Fifteen Angus and 13 Angus × Brahman crossbred steers from the Texas A&M University Research Center at McGregor, TX, were grazed on native pasture until 12 mo of age. Steers were assigned to 3 groups of 9 or 10 steers at an average BW of 364.5 ± 7.6 kg. Steers were blocked by breed type, stratifi ed by BW, and randomly assigned to dietary treatments within block and strata, such that resultant treatment groups consisted of 5 Angus steers and 4 to 5 Angus × Brahman crossbred steers, balanced for BW. Steers were adapted to a corn/ milo fi nishing diet fi nishing diet (Table 1) and Calan gates over a 14-d period and then fed the fi nishing diet free choice until they achieved a BW of 473.6 ± 7.9 kg (approximately 15 mo of age). Steers then were fed the basal diet without additional fat (control), the basal diet with 3% palm oil, or the basal diet with 3% soybean oil, added as top dressings. The palm oil contained 43.6% palmitic acid, 4.6% stearic acid, 37.1% oleic acid, 10.4% linoleic acid, and 0.2% α-linolenic acid. The soybean oil contained 10.7% palmitic acid, 4.6% stearic acid, 22.8% oleic acid, 51.8% linoleic acid, and 6.9% α-linolenic acid. When mixed with the basal, control diet, the palm oil diet contained 20.4 g/kg palmitic acid and 21.1 g/kg oleic acid and the soybean oil diet contained 16.1 g/kg oleic acid, 28.9 g/kg linoleic acid, and 2.6 g/kg α-linolenic acid (Table 2) . Thus, palm oil was considered a source of supplementary palmitic and oleic acid, whereas soybean oil was a source of oleic, linoleic, and α-linolenic acid.
Steers were fed the experimental diets for 10 wk until they attained an average BW of 564.5 ± 8.0 kg. At that time, the steers were transported to and harvested at at the Texas A&M University Rosenthal Meat Science and Technology Center. Samples were taken from 18 of the steers (n = 6 per treatment group, balanced across breed type) for laboratory measurements. Subcutaneous adipose tissue samples were obtained from the eighth to 11th rib section immediately after the hide was removed (approximately 20 min postmortem), and were placed in oxygenated 37°C, Kreb Henseleit buffer (KHB) containing 5 mM glucose and transported to the laboratory.
Lipid Synthesis
Lipid synthesis was measured in fresh subcutaneous adipose tissue as described previously (Martin et al., 1999) . Adipose tissue pieces (~100 mg) were incubated with 5 mM glucose, 5 mM acetate, 10 mM HEPES, 1 μCi [5, Radiolabeled Chemicals, Inc., St. Louis, MO) in KHB buffer (pH 7.35-7.40) . Adipose tissue pieces were incubated in 3 mL of media for 3 h at 37.5°C in a shaking water bath. Neutral lipids in adipose tissues were extracted using the procedure of Folch et al. (1957) , evaporated to dryness, and resuspended in 10 mL of scintillation cocktail (Bio-safe2, Research Product International Corp., Mount Prospect, IL). Radioactivity of lipid extracts (containing primarily neutral lipids but also phospholipids) was counted with a scintillation counter (Packard 1600TR Liquid Scintillation Analyzer, Downers Grove, IL). Results are reported as nmol substrate incorporated into total lipid·3 h·10 5 cells.
Enzyme Assays
Fresh subcutaneous adipose tissue samples (~500 mg) were homogenized in 2 volumes (wt/vol) of 0.1 M K 2 HPO 4 (pH 7.4) for subsequent enzyme analyses. The homogenates were centrifuged at 15,000 × g for 60 min at 4° C and the supernate was used to measure enzyme activities.
Glucose-6-phosphate dehydrogenase (G-6-PDH) and 6-phosphogluconate dehydrogenase (6-PGDH) activities were determined by the procedure of Bernt and Bergmeyer (1974) . The activity of NADP + -malate dehydrogenase (NADP-MDH) was assayed as described by Ochoa (1955) . Enzyme activities were measured as the reduction of NADP + to NADPH + H + using a Beckman DU-7400 Spectrophotometer (Palo Alto, CA) set at 339 nm. Fatty acid synthetase (FAS) was assayed as the oxidation of NADPH + H + to NADP + as described by Martin et al. (1961) .
Adipose Tissue Cellularity
Subcutaneous adipose tissue was frozen at -80°C for determination of cellularity by osmium fi xation, counting, and sizing as described by Etherton et al. (1977) with modifi cations . Samples (~25 mg) were sliced into sections 1 mm thick on a glass plate kept on ice. Tissue slices were rinsed 3 times with 37°C 0.154 M NaCl and after the last rinse, 0.5 mL of 50 mM collidine-HCl buffer (pH 7.4) was added to break up the tissue samples and then 0.8 mL of 3.0% osmium in collidine buffer was added. Samples were placed in 37°C water bath for 96 h with occasional swirling. After incubation, osmium was removed and 10 mL of 0.154 M NaCl was added using a Pasteur pipet. The samples were rinsed continuously with NaCl until the solution was clear. Ten milliliters of 8 M urea was added and incubated at room temperature for 24-96 h with occasional swirling. After degradation of connective tissue with urea, tissues were rinsed 3 times with 0.154 M NaCl. The fi xed adipocytes, resuspended with 0.01% Triton in 0.154 M NaCl, were used for determination of cell size, volume, and cells/100 mg tissue, using a bright-fi eld microscope (Olympus Vanox ABHS3, Olympus, Tokyo, Japan) and CCD (chargecoupled device) Color Video Camera (DXC-960MD, Sony, Japan).
Fatty Acid Composition
Total lipids were extracted by a modifi cation of the method of Folch et al. (1957) . Approximately 5 g of the diets, 100 mg of adipose tissue, and 100 mg of the palm oil and soybean oil were extracted in chloroformmethanol (2:1, vol/vol) and fatty acid methyl esters (FAME) were prepared as described by Morrison and Smith (1964) , modifi ed to include an additional saponifi cation step (Archibeque et al., 2005) . The diets were sampled at 3 intervals and the data pooled ( Table 2) . The FAME were analyzed by gas chromatographyfl ame ionization detector (GC-FID; model CP-3800 equipped with a CP-8200 auto-sampler, Varian Inc., Palo Alto, CA). Separation of FAME was accomplished on a fused silica capillary column (100 m × 0.25 mm i.d.; model CP-3800, Varian Inc.) with the helium as carrier gas (fl ow rate = 1.7 mL/min). One microliter of sample was injected with the split ratio of 100:1 at 270°C. Oven temperature was set at 165°C for 65 min and then increased to 235°C (2°C/min) and held for 15 min. Flame ionization detector detected the signal at 270°C. An authentic standard (GLC 68-D, Nu-chek Prep, MN) was used to confi rm the identity of each peak.
Statistical Analysis
Data were analyzed using the general linear mixed models (GLMM) procedures of SPSS statistics 20 (IBM, Armonk, NY) as appropriate for completely randomized designs. The model tested the main effects of diet, breed type (Angus or Angus × Brahman), and the diet × breed type interaction. Means were separated by the Fisher's protected LSD and considered different at P < 0.05, although trends (P ≤ 0.10) also are discussed.
RESULTS

Growth and Carcass Traits
Palm oil had no effect on ADG, food intake, or G:F, whereas soybean oil depressed ADG (P = 0.02), food intake (P = 0.04), and G:F (P = 0.05), relative to control and palm oil-fed steers (Table 3) . However, fi nal BW (P = 0.19) and carcass weight (P = 0.45) were unaffected by supplemental dietary oils. Marbling scores tended (P < 0.09) between palm oil-fed steers (Modest 09 ) and soybean oil-fed steers (Small 55 ). Neither palm oil nor soybean oil signifi cantly affected fat thickness, KPH (both P = 0.15), or yield grade (P = 0.24). Overall maturity scores were lower (i.e., more youthful; P < 0.01) in palm oil-fed steers than in control and soybean oil-fed steers.
Lipid Synthesis, Lipogenic Enzyme Activities, and Adipocyte Volume
Glucose incorporation into total lipids in vitro was greater in subcutaneous adipose tissue of palm oil-fed steers than in adipose tissue of soybean oil-fed steers (119.9 vs. 48.9 ± 11.2 nmol·3h -1 ·10 5 cells, respectively; Table 4 ). Similarly, acetate incorporation into total lipids was greater in adipose tissue of palm oil-fed steers than in soybean oil-fed steers (242.8 vs. 95.8 ± 24.1 nmol·3h -1 ·10 5 cells, respectively). Lipid synthesis from glucose and acetate in control adipose tissue was intermediate between rates in adipose tissue from palm oil-fed steers and soybean oil-fed steers. The activities of G-6-PDH and NADP-MDH activities were greater (P ≤ 0.05) in adipose tissue of palm oil-fed steers than in control steers. Subcutaneous adipocyte mean volume was greater in palm oil-fed steers than in soybean-fed steers (515.9 vs. 395.6 ± 15.6 pL, respectively; P = 0.01).
Adipose Tissue and Muscle Fatty Acid Composition
Soybean oil tended (P = 0.09) to decrease the proportion (g/100 g total fatty acids) of palmitic acid in subcutaneous adipose (Table 5 ), but neither palm oil nor soybean oil affected the proportion of oleic acid in muscle (P = 0.15) or adipose tissue (P = 0.22). Relative to control subcutaneous adipose tissue, palm oil decreased (P ≤ 0.05) the proportion of myristic acid (14:0), myristoleic acid (14:1cis-9), palmitoleic acid (16:1cis-9), cis-vaccenic acid (18:1cis-11), and trans-10, cis-12 CLA (18:2trans-10, cis-12), and increased (P = 0.02) stearic acid. Soybean oil decreased (P = 0.01) cis-vaccenic acid and increased (P = 0.02) stearic acid relative to control adipose tissue.
In LM, palm oil decreased (P ≤ 0.05) palmitoleic acid, cis-vaccenic acid, trans-vaccenic acid (18:1trans-11), and cis-9, trans-11 CLA, and increased stearic acid, relative to control muscle. Soybean oil increased 18:1trans-10, linoleic acid, and α-linolenic acid, relative to control muscle (Table 4) . Table 3 . Growth and carcass characteristics of feedlot steers fed a basal fi nishing diet (n = 10) or diets supplemented with 3% palm oil (n = 9) or 3% soybean oil (n = 9) Table 4 . Glucose and acetate incorporation into total lipids, cellularity, and lipogenic enzyme activity in subcutaneous adipose tissue of feedlot steers fed a basal fi nishing diet (n = 6) or diets supplemented with 3% palm oil (n = 6) or 3% soybean oil (n = 6) There was highly signifi cant correlation (r = -0.92, P < 0.0001) between palmitoleic acid and stearic acid in subcutaneous adipose tissue and LM (Fig. 1) . Subcutaneous adipose tissue from control steers contained the greatest proportion of palmitoleic acid and the lowest proportion of stearic acid. The palmitoleic:stearic acid ratio, an index of SCD activity, was signifi cantly depressed in subcutaneous adipose tissue (P = 0.02) and LM (P = 0.05) by dietary palm oil (Table 5) .
DISCUSSION
Production and Carcass Characteristics
Although the palm oil diet contained nearly twice as much lipid as the control, basal diet (6.19 vs. 3.19 g/100 diet, respectively), there was no difference in ADG, food intake, or G:F between control and palm oil-fed steers. However, the soybean oil-fed steers ate less, grew more slowly, and had lesser G:F than either the control or palm oil-fed steers. The soybean oil-fed steers also tended to have lower marbling scores than the palm oil-fed steers. A recent study with Korean Hanwoo cattle (Song et al., 2010) indicated that 7% supplementary soybean oil (DM basis) depressed food intake, ADG, and G:F, similar to results of the current study. However, Engle et al. (2000) earlier reported that 4% supplementary soybean oil had no effect on ADG, food intake, or G:F, but depressed marbling scores, whereas Ludden et al. (2009) later reported that 5% supplemental soybean oil had no effect on production or carcass traits of Gelbvieh × Angus crossbred steers. The previous studies and the current study differed in many aspects of experimental design, but in none of these studies did soybean oil increase ADG, G:F, or marbling scores.
Supplementary palm oil apparently has effects on carcass composition that differ from those reported for soybean oil. An early investigation with ram and ewe lambs (Solomon et al., 1992) demonstrated that feeding palm oil (10.6% DM) for 60 d increased lamb carcass subcutaneous and body wall fat thickness. Lough et al. (1994) subsequently demonstrated that feeding palm oil to ram lambs (10.7% DM for 90 d) had no effect on ADG or F:G, but increased subcutaneous and body wall fat thickness. Both Solomon et al. (1992) and Lough et al. (1994) reported that supplementary palm oil approximately doubled plasma concentrations of total cholesterol, triacylglycerol, and NEFA, all of which could have contributed to the greater adiposity of the palm oil-fed lambs relative to control lambs. These fi ndings suggest that supplemental palm oil would have increased carcass adiposity signifi cantly had it been fed at greater levels or for longer periods than in the current study (3% as fed for 50 d).
An unexpected fi nding of this study was that skeletal maturity and lean maturity were decreased to more youthful scores by palm oil. The SFA content of muscle from cattle fed the palm oil supplement may have been suffi ciently increased to raise the melting point of the muscle lipids. This would have increased muscle fi rmness, as reported earlier for lambs fed palm oil (Lough et al., 1994) , resulting in visually more youthful maturity scores. Table 5 . Fatty acid composition of subcutaneous adipose tissue and muscle of feedlot steers fed a basal fi nishing diet (n = 6) or diets supplemented with 3% palm oil (n = 6) or 3% soybean oil (n = 6) 
Lipogenic Enzyme Activities and Lipid Synthesis
We chose to measure the enzymes FAS, NADP-MDH, 6-PGDH, and G-6-PDH based on early research from this laboratory. Fatty acid synthase probably is rate-limiting to fatty acid biosynthesis in bovine adipose tissue due to its very low activity relative to acetyl-CoA carboxylase (Smith and Prior, 1986) . The incorporation of both acetate and glucose carbon into fatty acids is dependent of the activities of NADP-MDH and the pentose phosphate enzymes Smith and Prior, 1981; Smith, 1983; . Glucose carbon incorporation into fatty acids includes fl ux through NADP-MDH, which provides as much as 40% of the NADPH required for fatty acid biosynthesis from acetate and glucose (Smith, 1983) . We had predicted that dietary palm oil would promote adipogenesis by enhancing the activities of one or more of these lipogenic enzymes, and signifi cant elevations in G-PGDH and NADP-MDH activity were caused by supplementary palm oil. To our knowledge, this is the fi rst demonstration of an increase in lipogenic enzyme activities by palm oil in ruminant adipose tissue.
In ruminants, subcutaneous adipose tissue is the major lipogenic site (Ingle et al., 1972; St. John et al., 1991; Rhoades et al., 2007; Joseph et al., 2010) , and acetate is the primary carbon source for de novo fatty acid biosynthesis in subcutaneous adipose tissue (Hanson and Ballard, 1967; Ingle et al., 1972; Smith and Crouse, 1984) . Our results confi rmed that the incorporation of acetate into subcutaneous adipose tissue was almost 2.5-fold greater than that of glucose. This was consistent with previous research conducted in our laboratory (Smith and Crouse, 1984) .
Unlike previous studies, in which 14 C-labeled glucose was used as a precursor for lipid synthesis, we chose to use [5, H]glucose for the current study. After conversion of the glucose carbon to pyruvate and consequent generation of the α-keto group, only 3 H labeling at carbon 3 of pyruvate (originally carbon 6 of glucose) remains. Once the pyruvate enters the mitochondria and is converted to acetyl-CoA or oxaloacetate , the 3 H remains at either carbon 2 (acetylCoA) or carbon 3 (oxaloacetate). After condensation of acetyl-CoA with oxaloacetate to produce citrate, the 3 H can be incorporated into fatty acids attached to carbon 2 of acetyl-CoA via the combined activities of ATP-citrate lyase and NADP-MDH. Alternatively, the 3 H can be incorporated into NADPH via NADP-MDH or NADPisocitrate dehydrogenase, and the 3 H subsequently can be incorporated into fatty acids via FAS. There was a high correlation between [5, H]glucose and [1-14 C] acetate incorporation into fatty acids (r = 0.99), and dietary palm oil increased the activity of NADP-MDH; these data suggest that some portion of the 3 H from [5,6-3 H]glucose was incorporated into fatty acids as 3 H-labeled NADPH.
Fatty Acid Composition of Adipose Tissue and Muscle
Ram and ewe lambs fed palm oil had signifi cantly more SFA in subcutaneous adipose tissue than in control lambs, mainly due to an increase of palmitic acid, but palm oil decreased myristic acid, palmitoleic acid, and α-linolenic acid (Solomon et al., 1992) . Partida et al. (2007) demonstrated an increase in palmitic acid in intramuscular fat of bulls after supplementing hydrogenated palm oil, although the total SFA concentration remained similar to control animals.
As predicted, dietary palm oil did not increase adipose tissue or muscle concentrations of palmitic acid in the current study. Bovine subcutaneous adipose tissue is a major site for fatty acid elongase and SCD activity in cattle (St. John et al., 1991) , and these enzymes work in concert to convert palmitic to oleic acid. The increase in adipose tissue stearic acid caused by palm oil is consistent with a rapid conversion of supplementary palmitic acid to stearic acid. Alternatively, palmitic acid can be desaturated to palmitoleic acid by SCD, and palmitoleic acid subsequently can be elongated to cis-vaccenic acid. However, palm oil depressed the proportions of palmitoleic and cis-vaccenic acid in adipose tissue and muscle, indicating that palm oil depressed ∆9 desaturation of palmitic acid. Thus, the increase in stearic acid in adipose tissue of palm oil-fed steers likely was caused by a depression in SCD activity.
We did not anticipate that dietary palm oil would infl uence SCD activity, so the activity of this enzyme was not measured in this study. However, the decrease in the palmitoleic:stearic acid ratio caused by supplementary palm oil was consistent with a reduction in SCD catalytic activity. We have proposed the use of the palmitoleic:stearic acid ratio as a surrogate for SCD activity (Smith et al., , 2009a Turk and Smith, 2009 ). The highly signifi cant, inverse relationship between stearic acid and palmitoleic acid shown here and elsewhere (e.g., Turk and Smith, 2009) indicates that SCD activity reciprocally regulates the intracellular concentrations of these two fatty acids. All cis-9 fatty acids, with the exception of oleic acid, were less in proportion in adipose tissue of palm oil-fed steers than in control steers, strongly suggesting that the palm oil supplement depressed SCD catalytic activity.
Preliminary data from our laboratory demonstrated that palmitic acid promotes, and oleic acid depresses, SCD gene expression in bovine preadipocytes (S. B. Smith and B. J. Johnson, unpublished results). Supplementary palm oil provided nearly identical amounts of palmitic acid and oleic acid; the data suggest that the additional dietary oleic acid in palm oil overrode any effects of palmitic acid, resulting in a depression in SCD activity. The proportion of oleic acid in adipose tissue and muscle was not decreased by dietary palm oil, as demonstrated previously in lambs (Lough et al., 1994) , refl ecting the fact that palm oil contains nearly 24% oleic acid.
It is unusual that palm oil depressed apparent SCD activity, but soybean oil did not. Linoleic acid is more potent than oleic acid in reducing the activity of the ovine SCD promoter in constructs transfected into HEK 293 and McA-RH7777 cells (kidney-and liver-derived cell lines, respectively; Zulkifl i et al., 2010). However, Keating et al. (2006) reported that oleic acid, but not linoleic acid, downregulated the bovine SCD promoter, indicating potential species differences in the regulation of SCD gene expression. Li et al. (2012) reported contrasting results, in that saffl ower oil (containing 60% linoleic acid) and linseed oil (rich in α-linolenic acid) both increased SCD gene expression.
Overall, this study demonstrated that supplementing a grain-based, fi nishing diet with palm oil increased the catalytic activities of enzymes associated with fatty acid biosynthesis, as well as subcutaneous adipocyte size. The data suggest that providing palm oil for a longer period of time would have increased carcass adiposity signifi cantly. Supplementary palm oil also has the potential to increase marbling scores without increasing palmitic acid or reducing the oleic acid content of beef. In a survey of 42 consulting feedlot nutritionists, Vasconcelos and Galyean (2007) reported that 71% of the clients serviced by the nutritionists used added fat. The fat was primarily in the form of tallow and yellow grease, but nearly 33% of the clients also used nonfat liquids (Vasconcelos and Galyean, 2007) . Thus, the use of added liquid lipids, especially at the level used in this study (3%), would not be an unreasonable feedlot industry practice.
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